Preclinical and clinical studies suggest a possible role for cyclooxygenases in bone repair and create concerns about the use of nonsteroidal antiinflammatory drugs in patients with skeletal injury. We utilized wild-type, COX-1 -/-, and COX-2 -/-mice to demonstrate that COX-2 plays an essential role in both endochondral and intramembranous bone formation during skeletal repair. The healing of stabilized tibia fractures was significantly delayed in COX-2 -/-mice compared with COX-1 -/-and wild-type controls. The histology was characterized by a persistence of undifferentiated mesenchyme and a marked reduction in osteoblastogenesis that resulted in a high incidence of fibrous nonunion in the COX-2 -/-mice. Similarly, intramembranous bone formation on the calvaria was reduced 60% in COX-2 -/-mice following in vivo injection of FGF-1 compared with either COX-1 -/-or wild-type mice. To elucidate the mechanism involved in reduced bone formation, osteoblastogenesis was studied in bone marrow stromal cell cultures obtained from COX-2 -/-and wild-type mice. Bone nodule formation was reduced 50% in COX-2 -/-mice. The defect in osteogenesis was completely rescued by addition of prostaglandin E2 (PGE 2 ) to the cultures. In the presence of bone morphogenetic protein (BMP-2), bone nodule formation was enhanced to a […] Article Aging
Introduction
Prostaglandins have been shown to play an important role in bone metabolism (1, 2) . The rate-limiting step in prostaglandin production is controlled by the cyclooxygenases COX-1 and COX-2. The current paradigm to explain the role of these enzymes is that COX-1 is constitutively produced and functions to maintain homeostasis, whereas COX-2 acts as a stress response gene and is responsible for high levels of prostaglandin production during inflammation (3) . The relative roles of these enzymes in bone remodeling have been recently resolved in studies with mice genetically deficient for COX-1 or COX-2. Mice lacking COX-2 but not COX-1 expression display reduced bone resorption in response to parathyroid hormone (PTH) or 1,25-hydroxyl vitamin D 3 (4) . Previously, we also demonstrated that COX-2 is required for wear debris-induced osteoclastogenesis and osteolysis in an in vivo mouse calvaria model (5) .
In addition to bone resorption, COX-2 may also have a role in bone formation. Systemic or local injection of PGE 2 stimulates bone formation (6, 7) . Increased lamellar bone formation in response to mechanical strain is mediated by COX-2 (8, 9) . Although both COX-1 and COX-2 have been identified in osteoblasts, the differential roles of the two cyclooxygenases in bone formation remain unclear. The use of COX-1 (10, 11) and COX-2 (10, 11) knockout animals makes it possible to assess the role of these enzymes in regulating bone cell function and the response to local and systemic factors. In particular, COX-2 -/-mice have decreased bone density compared with normal littermates (12) .
Genetic knockout studies have also identified genes that are specifically required for osteoblast differenti-Preclinical and clinical studies suggest a possible role for cyclooxygenases in bone repair and create concerns about the use of nonsteroidal antiinflammatory drugs in patients with skeletal injury. We utilized wild-type, COX-1 -/-, and COX-2 -/-mice to demonstrate that COX-2 plays an essential role in both endochondral and intramembranous bone formation during skeletal repair. The healing of stabilized tibia fractures was significantly delayed in COX-2 -/-mice compared with COX-1 -/-and wildtype controls. The histology was characterized by a persistence of undifferentiated mesenchyme and a marked reduction in osteoblastogenesis that resulted in a high incidence of fibrous nonunion in the COX-2 -/-mice. Similarly, intramembranous bone formation on the calvaria was reduced 60% in COX-2 -/-mice following in vivo injection of FGF-1 compared with either COX-1 -/-or wild-type mice. To elucidate the mechanism involved in reduced bone formation, osteoblastogenesis was studied in bone marrow stromal cell cultures obtained from COX-2 -/-and wild-type mice. Bone nodule formation was reduced 50% in COX-2 -/-mice. The defect in osteogenesis was completely rescued by addition of prostaglandin E2 (PGE 2 ) to the cultures. In the presence of bone morphogenetic protein (BMP-2), bone nodule formation was enhanced to a similar level above that observed with PGE 2 alone in both control and COX-2 -/-cultures, indicating that BMPs complement COX-2 deficiency and are downstream of prostaglandins. Furthermore, we found that the defect in COX-2 -/-cultures correlated with significantly reduced levels of cbfa1 and osterix, two genes necessary for bone formation. Addition of PGE 2 rescued this defect, while BMP-2 enhanced cbfa1 and osterix in both COX-2 -/-and wildtype cultures. Finally, the effects of these agents were additive, indicating that COX-2 is involved in maximal induction of osteogenesis. These results provide a model whereby COX-2 regulates the induction of cbfa1 and osterix to mediate normal skeletal repair.
ation and bone formation. Two of these genes are cbfa1 and osterix. Cbfa1 is a member of the RUNX family of transcription factors and is involved in the regulation of several osteoblast-specific genes, including osteocalcin (13, 14) . The tissue expression pattern of cbfa1 is highly restricted, and its importance in bone is apparent from the phenotype of the cbfa1 -/-mouse, which lacks osteoblasts (13, 14) . Osterix is a helixloop-helix transcription factor identified by subtraction hybridization in C2C12 cells stimulated to undergo differentiation following treatment with BMP-2 (15) . The osterix -/-mouse also lacks osteoblasts and is characterized by the persistence of undifferentiated mesenchyme (15) . However, mice lacking osterix have undifferentiated mesenchymal cells expressing cbfa1 and thus have committed to the osteoblast lineage. Thus, while both cbfa-1 and osterix are necessary for mesenchymal cell differentiation to osteoblasts, osterix acts downstream of cbfa1.
The metabolites of cyclooxygenase activity have long been suspected to have a role in skeletal reparative processes. The levels of prostaglandins E and F are increased between days 3 and 14 in tissues obtained from rabbit tibia fractures (16) . Multiple nonsteroidal antiinflammatory drugs (NSAIDs), whose primary targets are the cyclooxygenases, have been reported to inhibit fracture healing in animal studies (17, 18) . A recent clinical study showed a marked association between nonunion of the femoral shaft and the use of NSAIDs (19) . Human studies further demonstrate a significant reduction in the rate of spinal fusion in patients taking NSAIDs (20) . In contrast, the administration of PGE 2 has increased the rate of fracture healing in several animal models (21) (22) (23) , indicating that the metabolites of cyclooxygenase may be necessary for efficient bone healing.
Fracture healing is a complex process that requires the recruitment, proliferation, and differentiation of mesenchymal stem cells into chondrocytes and osteoblasts and involves both endochondral ossification, whereby bone formation occurs through a cartilage intermediate, and intramembranous ossification, in which bone forms directly from differentiated osteoblasts (24, 25) . Healing occurs when the bone gap is bridged by woven bone and is completed with remodeling and the formation of mature lamellar bone. The relative role of COX-1 and COX-2 isoforms, and the target cells and tissues involved in adult bone repair, have not been clearly defined. The elucidation of the roles of COX-1 and COX-2 in bone healing is of paramount importance given the widespread clinical use of cyclooxygenase inhibitors.
In this study, we used three in vivo experimental models to examine the bone healing in wild-type mice and mice genetically deficient for each enzyme (COX-1 -/-and COX-2 -/-). We demonstrate that COX-2 is required for both intramembranous and endochondral bone formation during bone repair, while COX-1 does not have a critical role in these processes. Furthermore, we establish that cbfa-1 and osterix are regulated by COX-2, and that decreased expression of these genes may contribute to defective bone repair in COX-2 -/-mice.
Methods
Experimental animals. All animal studies were conducted in accordance with principles and procedures approved by the University of Rochester Institutional Review Board. Male and female mice, 6-8 weeks old, were used in the experiments. COX-1 -/-and COX-2 -/-mice (10, 11) were originally obtained from the breeding colony at the University of North Carolina (Chapel Hill, North Carolina, USA). They were of hybrid C57BL/6J × 129/ola genetic background, intercrossed for about 30 generations. Mice were genotyped using PCR as described (26) . Littermate controls are used in all the studies.
Fracture healing model. Mice were anesthetized with ketamine and xylazine intraperitoneally. The skin was incised overlying the left knee. A 0.25-mm metal pin was inserted through the patellar tendon into the medullary canal of the tibia as previously described (27) . The incision was closed and a mid-diaphyseal fracture was created using three-point bending with an Einhorn device using a standardized force (28, 29) . Immediately after tibia fracture, 0.5 mg/kg Buprenorphine (Abbott Labs, North Chicago, Illinois, USA) was administered subcutaneously to each mouse with repeated injections every 12 hours for 3 days for pain control. Radiographs were obtained at 7, 14, and 21 days under anesthesia using a Faxitron x-ray system (Faxitron X-ray, Wheeling, Illinois, USA). The healing was monitored radiographically weekly using x-rays that were blindly scored by three orthopedic surgeons for the presence of calcified fracture callus and evidence of bone union. Mice were sacrificed on day 7, 14, and 21 by cervical dislocation. Tibias were harvested, fixed in 10% formalin, and embedded in paraffin. Sections were stained as described previously (30) . Briefly, the slides were dipped in 1% acid alcohol (1% HCl made in 70% ethyl alcohol) for 30 seconds, then stained in Alcian blue/hematoxylin solution (0.5% hematoxylin, 5% aluminum ammonium sulfate, 0.05% sodium iodate, 0.5% Alcian blue, 50% glycerol, 0.02% glacial acetic acid) for 30 minutes at room temperature. The slides were washed with distilled water and then dipped in 1% acid alcohol for 2-3 seconds. Slides were washed again in distilled water and then treated in 0.5% ammonium water for 15 seconds, followed by another wash with water and treatment in 95% alcohol for 1 minute. After the stain with Alcian blue and hematoxylin, eosin-orange G (1.2% eosin in 90% alcohol plus 1% phloxine B and 2% orange G) was used to counterstain the slides for 1 minute 30 seconds. The slides were then dipped in 3 containers containing 95% alcohol and were left in the third container for 3 minutes, followed by mounting with Permount (VWR Scientific, South Plainfield, New Jersey, USA).
Mouse calvarial postinflammatory bone formation model. Eight-week-old female mice were anesthetized by peritoneal injection of 80 mg/kg of ketamine and 5-7 mg/kg of xylazine. A 1-cm midline sagittal incision was made above the calvaria. Titanium (Ti; 30 mg) particles were placed evenly on top of the calvarial bones, leaving the periosteum intact. After implantation, the skin was closed with 4-0 Ethilon suture. At day 10, mice were sacrificed by cervical dislocation and calvaria were removed, fixed in 10% formalin, decalcified in 10% EDTA, dehydrated in graded alcohols, and embedded in paraffin. Representative sections were cut and stained with hematoxylin and eosin (H&E), as described previously (31) . For these experiments, we assessed bone formation on the calvarial surface in the lateral aspect of the parietal bone where bone resorption is minimal. Six sections spanning a total of 600 µm were obtained from each calvaria, and the width of new bone was quantified from the section with maximal bone formation. Newly synthesized bone is identified in the decalcified calvarial sections by its differential staining with eosin as well as by the woven structure of the collagen when viewed under polarized light. The mean percentage of periosteal new bone area compared with the total calvaria bone was quantified with histomorphometry. Radiographs of wild-type, COX-1 -/-, and COX-2 -/-mice obtained on days 7, 14, and 21 after fracture were evaluated for the presence of mineralized callus and bony union by three blinded observers. The data are presented as the number of mice with positive findings divided by the total number of mice in the group. Binomial z distribution was used to determine the statistical differences between the COX-2 -/-mice and wild-type mice ( A P < 0.01, B P < 0.05). No significant differences between COX-1 -/-mice and wild-type mice were found.
Local FGF injection. Recombinant human FGF-1 was obtained from Rhone-Poulenc Rorer (Vitry, France). Local injections were made subcutaneously over both sides of the mouse calvaria. They were injected four times a day for 3 days in 10 µl vehicle containing 0.1% BSA in PBS (pH 7.4). The dose of FGF-1 used was 1 µg/day/mouse based upon prior studies (32) . Mice were euthanized by CO 2 14 days after the initial injection. Mouse calvaria were harvested and processed. The samples were embedded in paraffin, and 4-µm cross sections were cut parallel to the coronary suture. At least six sections 150 µm apart were cut for each mouse calvaria. Sections were stained with orange G method as previously described (30) . Newly synthesized bone is identified in the decalcified calvarial sections by its differential staining with eosin as well as by the woven structure of the collagen when viewed under polarized light. The mean percentage of periosteal new bone area compared with the total calvaria bone was quantified with histomorphometry (31) .
In situ hybridization. 35 S-UTP-labeled sense and antisense riboprobes were synthesized from plasmids (kindly provided by Jill Helms, University of California, San Francisco, USA) with insertions of mouse
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Figure 3
Quantitative analysis of fracture callus in wild-type and COX-2 -/-mice at 7, 14, and 21 days after fracture. Tissue sections from wild-type and COX-2 -/-mice harvested on days 7 (n = 5), 14 (n = 7), and 21 (n = 9) after fracture were stained with Alcian blue/hematoxylin or for tartrate resistant acid phosphate (TRAP) as described in Methods. All slides were analyzed using Osteometrics software, (Osteometrics Inc., Atlanta, Georgia, USA) and percentages of mesenchymal tissue (a), bone (b), and cartilage (c) relative to the total fracture area are presented as the mean ± SEM. (d) Osteoclast numbers (TRAP-positive cells) per mm 2 bone area were quantified as described in Methods and are presented as the mean ± SEM. Student's t test was used to determine the statistical differences between each group. *P < 0.05, ***P < 0.001.
Figure 4
Normal fracture healing in COX-1 -/-mice. Histologic sections were obtained from tibial fractures of adult wild-type (a) and COX-1 -/-(b) mice (n = 5) on day 21 after fracture and stained with Alcian blue/hematoxylin as described in Methods. Quantification of the tissue compositions (c) and osteoclast numbers (d) are presented as described in Figure 3 . No significant differences were observed.
osteocalcin, type II collagen (col2), and type X collagen (colX) as previously described (27, 28) . The specific activity of the probes was determined by radioactivity. The sections were incubated in hybridization buffer (50% formamide, 0.3 M NaCl, 20 mM Tris HCl, 5 mM EDTA, 10% dextran sulfate, 0.02% Ficoll, 0.02% BSA, 0.02% polyvinyl pyrrolidone, and 0.5 mg/ml yeast RNA) containing each riboprobe at 10,000 cpm/µl, and hybridization was performed at 55°C overnight. Nonspecifically bound probe was hydrolyzed with RNase A (20 µg/ul), and final washes were carried out at high stringency at 55°C with 2× SSC/50% formamide as described previously (28) . Emulsion-dipped slides were exposed for about 7-14 days depending upon the intensity of the signals.
Bone marrow osteoblast differentiation assays. Bone marrow cells were isolated from 2-to 3-month-old mice as described previously (28) . Mice were sacrificed by cervical dislocation. Femora and tibiae were removed aseptically and dissected free of adherent soft tissue. The bone ends were cut, and bone marrow cells were flushed from marrow cavity by slowly injecting MEM at one end of the bone using a sterile 21-gauge needle. The marrow suspension was dispersed gently by pipetting several times to obtain a single cell suspension. 0.5 × 10 6 to 5 × 10 6 bone marrow cells per 10 cm 2 were plated on 60-mm culture dishes or six-well plates and cultured in α-MEM containing 15% FBS (HyClone Laboratories, Logan, Utah, USA) for 5 days. The medium was removed by the end of the fifth day, and fresh MEM with 15% FBS, 50 µM of ascorbic acid, and 10 mM β-glycerophosphate were added. Cells were maintained for 21 days with medium changes for every 5 days. On day 0, 10 -7 M PGE 2 (Cayman Chemical, Ann Arbor, Michigan, USA) was added, and 200 ng/ml of recombinant murine BMP-2 (a gift from Genetics Institute Inc., Cambridge, Massachusetts, USA) was added on the fifth day. Fresh factors at the same indicated concentration were added with medium change every 5 days.
Real time PCR assays. To examine the gene expression, cells were cultured for 10-14 days and total RNA was extracted using RNeasy kit (QIAGEN Inc., Valencia, California, USA). Single-stranded cDNA was made using a reverse transcription kit from CLONTECH Laboratories Inc. (Palo Alto, California, USA). PCR was performed on Rotor-Gene 2000 realtime amplification operator (Corbett Research, Mortlake, Australia). The primers for osteocalcin, cbfa1, BMP-2, actin, and osterix were from Invitrogen Corp. (San Diego, California, USA). The oligonucleotide primers used in the study are the following: cbfa1 forward, 5′-GCCACACTTTCCACACTCTC-3′; cbfa1 reverse, 5′-CACTTCTGCTTCTTCGTTCTC-3′; osterix forward, 5′-TGAGGAAGAAGCCCATTCAC-3′; osterix reverse, 5′-ACTTCTTCTCCCGGGTGTG-3′; actin forward, 5′-AGATGTGGATCAGCAAGCAG-3′; actin reverse, 5′-GCGCAAGTTAGGTTTTGTCA-3′. The PCR reactions contained a final concentration of 1× SYBR Green PCR Master Mix (Applied Biosystems, Warrington, United Kingdom), 10 µM specific primers, and 2.5 ng of cDNA. The relative levels of mRNA of a specific gene were calculated using the standard curve generated from cDNA dilutions. The mean cycle threshold (Ct) values from quadruplicate measurements were used to calculate the gene expression, with normalization to actin as an internal control. Calculations of the relative level of gene expression were conducted according to the instructions from User's Bulletin (P/N 4303859) from Applied Biosystems.
Statistical analysis. Data are expressed as means ± SEM. Statistical significance was determined by Student's t test. A P value of less than 0.05 was considered statistically significant. To compare the incidence of callus formation and unions of the fractures between different groups of animals, the binomial z distributions were used and a P value of less than 0.05 was considered a and b) . Serial sections were used for in situ hybridization with probes specific for osteocalcin (c and d), col2 (e and f), and colX (g and h). The gene expression profile confirms the persistence of cartilage (arrows) and the decrease in osteogenesis (asterisks) in COX-2 -/-mice. statistically significant. For real-time PCR analysis, statistical analyses were conducted according to the instructions from Applied Biosystems. Student's t test was used to examine the statistical significance.
Results

A critical role of COX-2 in fracture repair.
To determine whether cyclooxygenase isoforms are involved in fracture healing, diaphyseal tibia fractures were created in 2-to 3-month-old wild-type, COX-1 -/-, and COX-2 -/-mice using an established model (28, 29) . Radiographs were taken at 7, 14, and 21 days (Figure 1 ) and independently and blindly reviewed by three orthopedic surgeons who determined the presence or absence of callus formation and bone union (Table 1) . Calcified callus was apparent 14 days after fracture in 14 of 15 wild-type mice, compared with only 5 of 14 COX-2 -/-mice (P < 0.01). By day 21, eight of ten wild-type animals had radiographic evidence of bone union compared with only three of eight COX-2 -/-mice (P < 0.01).
In these studies no significant differences were observed between COX-1 -/-mice and their wild-type littermates at day 14 and day 21 after fracture.
Histologic features of fracture healing were examined in tissue sections obtained from mice 7, 14, and 21 days after fracture. Sections were stained with alcian blue and hematoxylin to distinguish cartilage, newly formed woven bone, and lamellar bone and confirmed a specific defect in fracture healing in COX-2 -/-mice (Figures 2 and 3) . By 7 days after fracture, the callus is characterized by mesenchymal cell proliferation and the initiation of chondrogenesis, which is similar in COX-2 -/-and wild-type mice. At 14 days we observed several remarkable differences. In wild-type mice, abundant periosteal and intramedullary new bone formation has occurred and endochondral bone formation is being completed, with elimination of cartilage at the fracture junction. In contrast, we found a marked reduction of mesenchymal cell differentiation into cartilage or bone in the intramedullary bone cavity in COX-2 -/-mice. Similarly, there was reduced periosteal bone formation and persistence of cartilage in the avascular zone at the junction of the fracture, with limited primary bone formation and remodeling characteristic of the final stages of endochondral bone formation. Quantitative histomorphometry demonstrated a significant increase in residual mesenchyme and an associated decrease in bone formation and osteoclast numbers in the COX-2 -/-callus (Figure 3 , a, b, and d). By 21 days, fracture healing is complete in wild-type animals, with evidence of bridging callus, disappearance of cartilage, and persistent remodeling of the callus. However, at this time, COX-2 -/-fractures are characterized by persistence of mesenchyme, cartilage, and reduced bone formation with evidence of nonunion. Consistent with the radiographic findings, we were unable to detect any significant differences in fracture healing between wild-type and COX-1 -/-mice using histologic methods (Figure 4) .
In situ hybridization was performed on fracture callus at day 14 to examine the expression of markers of both cartilage and bone differentiation ( Figure 5) . Consistent with the histologic findings, there was a reduction in osteocalcin expression in COX-2 -/-mice, with large areas of callus devoid of osteoblast differentiation. Expression of col2 and colX was present in both COX-2 -/-and wildtype calluses. Since colX is a marker of terminally differentiated cartilage, the findings suggest that the defect in bone formation is not due to a primary abnormality in the terminal differentiation of chondrocytes.
Figure 6
Inflammation-induced intramembranous bone formation is reduced in COX-2 -/-mice. Titanium particles were surgically implanted onto the calvaria of wild-type (a), COX-1 -/-(b), and COX-2 -/-(c) mice as described in Methods, and representative H&E-stained sections are shown. Ectopic bone formation was measured, and the percentage of new bone width (brackets) is presented as the mean ± SEM (d). Statistical significance compared with wild-type is indicated (**P < 0.01).
A critical role of COX-2 in intramembranous bone repair.
Since the fracture healing studies suggest a primary defect in bone formation, we examined the role of COX-2 in two in vivo models of intramembranous bone formation that occur without a cartilage intermediate. In the first model, we examined reparative bone formation following inflammatory bone loss in response to titanium particles implanted onto the calvaria (33) . Ten days after titanium implantation, robust intramembranous bone formation can be measured both on the resorbed endosteal surfaces in the marrow spaces, and on the unresorbed lateral periosteal surface of the parietal bones. We evaluated the role of cyclooxygenases in this model of intramembranous bone repair by quantifying the amount of new bone formed on the lateral periosteum in the wild-type, COX-1 -/-, and COX-2 -/-mice. Previously we reported a significant decrease in the amount of bone formed on resorbed surfaces (5). Here we observed a 75% reduction in new bone formation on lateral periosteal surfaces adjacent to the region of bone resorption in COX-2 -/-mice compared with wild-type and COX-1 -/-mice ( Figure 6) .
In a second model devoid of inflammation and remodeling, we examined periosteal bone formation following the injection of FGF-1 (1 µg/d for 3 days) onto the calvarial surface of wild-type, COX-1 -/-, and COX-2 -/-mice. Osteogenesis was analyzed by histomorphometry and in situ hybridization 14 days later. Periosteal bone formation was reduced by 67% in COX-2 -/-mice compared with wild-type animals, while no defect was observed in periosteal bone formation in COX-1 -/-mice ( Figure 7 , a-d). Consistent with this finding, in situ hybridization for osteocalcin gene expression revealed a marked decrease in the COX-2 -/-calvaria compared with wild-type animals ( Figure 7, e-h ). These findings demonstrate the importance of COX-2 in intramembranous bone formation in response to diverse osteogenic signals.
Reduction of osteoblastic bone nodule formation in bone marrow stromal cells derived from COX-2 -/-mice.
In vitro studies were performed to evaluate the molecular mechanisms involved in the defective bone formation observed in COX-2 -/-mice. In these experiments, bone marrow stromal cells were isolated from either COX-1 -/-or COX-2 -/-mice and their wild-type littermates and were stimulated to differentiate into osteoblasts in response to osteogenic signals. Osteoblastic bone nodule formation assays were performed in cultures maintained in medium containing 50 µM L-ascorbic acid and 10 mM β-glycerophosphate. After 21 days, Von Kossa staining revealed a 50% decrease in the number and area of mineralized bone nodules in the COX-2 -/-cultures ( Figure 8 ). In contrast, there was no difference observed in bone nodule formation between bone marrow cell cultures obtained from wild-type and COX-1 -/-littermates (data not shown). Addition of PGE 2 (10 -7 M) to the COX-2 -/-cell cultures restored nodule formation to wild-type levels. To examine whether COX-2 is required for the induction of bone nodule formation by BMPs, 200 ng/ml BMP-2 was added to the cultures on day 5 and continued until day 21. We found that BMP-2 induced bone nodule formation in both wild-type and COX-2 -/-cell cultures. The magnitude of the induction in nodule formation was similar, suggesting that BMPs are downstream of prostaglandins during osteoblastogenesis and bone formation. However, in cultures containing both exogenous PGE 2 and BMP-2, we observed an additional increase in nodule formation compared Defective intramembranous bone formation in COX-2 -/-calvaria in response to FGF-1. FGF-1 was injected subcutaneously (1 µg/d for 3 days) on the calvaria of wildtype, COX-1 -/-, and COX-2 -/-mice, and osteogenesis was analyzed by histomorphometry 14 days later as described in Methods. The photographs of representative H&E-stained sections from wild-type (a), COX-1 -/-(b), and COX-2 -/-mice (c) are shown at ×20 magnification. New bone width was measured at ×20 magnification, and the data from five animals in each group are presented as the mean ± SEM (d). Statistical significance compared with wild-type is indicated (*P < 0.01). Histology sections were examined by in situ hybridization using a riboprobe specific for osteocalcin as described in Methods. Dark-field photographs (e-h) were taken at ×4 magnification. The signal for osteocalcin mRNA was markedly reduced in COX-2 -/-mice (f and h) compared with wild-type (e and g) at both the sagittal suture (e and f) and the lateral region (g and h) of the calvaria.
with cultures containing BMP-2 alone, suggesting that cyclooxygenases are necessary for maximal osteogenesis in the presence of BMP signaling events.
COX-2 regulates cbfa1 and osterix expression during osteoblastogenesis. Recent studies have demonstrated that the transcription factors cbfa1 and osterix play essential roles in mesenchymal stem cell differentiation into osteoblasts (13) (14) (15) , and furthermore, cbfa1 appears to act upstream of osterix (15) . Since the phenotype of defective fracture healing in COX-2 -/-mice mimics the developmental phenotype of the cbfa1 -/-and osterix -/-mice, where an absence of mesenchymal cell osteoblastogenesis is observed, we investigated the expression of these genes in our cultures ( Figure 9 ). Using quantitative real-time PCR, we found that cbfa1 and osterix were significantly reduced in COX-2 -/-cells ( Figure 9 ). Consistent with the bone nodule data, cbfa1 and osterix expression recovered to control levels with PGE2 treatment and were further enhanced by treatment with BMP-2. Furthermore, these factors in combination induced maximal expression of these genes. These data establish a mechanism by which COX-2 is required for the appropriate expression of two BMP-regulated genes, cbfa1 and osterix, which are critical for normal bone formation during reparative events.
Discussion
Immediately following skeletal injury, a sequence of biochemical and cellular events commence to induce an inflammatory response. A myriad of factors including
Figure 8
Defective bone marrow cell osteoblastogenesis can be compensated for by exogenous PGE 2 and BMP-2 in vitro. Bone marrow cells from four COX-2 -/-mice and four littermatecontrolled wild-type mice were pooled and cultured for 21 days in the presence of 50 µM L-ascorbic acid and 10 mM β-glycerophosphate. PGE 2 at 10 -7 M was added on day 0, and 200 ng/ml BMP-2 was added on day 5. Von Kossa staining was used to examine bone nodule formation on day 21; representative photographs are shown (c). Nodule formation was quantified by counting the number of nodules per plate (b), and by determining the nodule area (a) using NIH image software in triplicate. Statistical significance compared with wild-type is indicated (*P < 0.05).
Figure 9
COX-2 regulates cbfa1 and osterix in bone marrow stromal cell cultures. Bone marrow stromal cells from four wild-type or COX-2 -/-mice were pooled and cultured as described previously. Total RNA was extracted on day 13 and real-time PCR was performed as described in the Methods. The relative expression of cbfa1 (a) and osterix (b) mRNA, standardized to actin, was determined as described in Methods and is presented as the mean ± SEM in log scale. Statistical significance compared with wild-type is indicated (*P < 0.05).
growth factors, cytokines, and prostaglandins are released. These factors are likely to play an essential role initiating the healing response that leads to new bone formation (34) . The crucial events in adult bone formation are the recruitment, proliferation, and differentiation of mesenchymal stem cells with endochondral and intramembranous bone formation at the injury site (35) . In endochondral ossification, mesenchymal cells first differentiate into chondrocytes, which subsequently undergo terminal differentiation and apoptosis, leading to calcification of the matrix. The calcified matrix then serves as a template for primary bone formation, whereby osteoblasts deposit bone directly onto calcified cartilage (36) . In intramembranous bone formation, mesenchymal cells differentiate directly into osteoblasts (36) . Thus, both endochondral and intramembranous bone formation are dependent upon osteoblast differentiation from mesenchymal stem cells. Although the mechanism of recruitment and stimulation of mesenchymal stem cell differentiation during adult bone regeneration is largely unknown, there is evidence suggesting that local inflammation plays an important role in the process (34) .
Prostaglandin production and COX-2 mRNA are increased in fracture callus during the first 2 weeks following injury (16, 37) , suggesting a role in the early phase of bone healing. In this study we demonstrated that COX-2 knockout mice had persistence of mesenchymal cells at the fracture site as well as a significant delay of ossification of cartilage tissue. Most remarkable was the reduction in osteoblastogenesis, a finding that was confirmed by two independent in vivo models of intramembranous bone formation as well as by in vitro studies that demonstrated a critical requirement for COX-2 in osteoblastogenesis. These findings demonstrate that the production of COX-2 metabolites during the inflammatory phase is required for efficient bone healing and that mesenchymal cell differentiation is a major target of cyclooxygenase activity.
A more subtle phenotype was the persistence of uncalcified cartilage at the fracture site in COX-2 -/-mice. By evaluating the expression of the established markers of chondrocyte terminal differentiation (colX and MMP13) (38, 39) , we were able to show that this process still occurs in the absence of COX-2 ( Figure 5 and data not shown), but primary bone formation on the cartilagenous template was absent. However, these experiments do not eliminate the possibility of an important effect of COX-2 on chondrocytes during endochondral bone formation in fracture repair. Similarly, the reduced number of osteoclasts in the fracture callus of COX-2 -/-mice suggests a role for prostaglandins in fracture remodeling as suggested by previous studies (4, 5) , but this is a relatively late event in fracture healing that requires additional investigation.
The use of two separate in vivo models of intramembranous bone formation demonstrates that COX-2 plays a role in osteoblast differentiation and bone formation in response to diverse stimuli. In the titanium implantation model, there is an initial period of inflammatory bone resorption, followed by the deposition of new bone. In the second model, recombinant FGF-1 was injected onto mouse calvaria. FGF-1 has been shown to stimulate cellular proliferation, differentiation, and chemotaxis during bone repair (40, 41) , and local and systemic injections have been shown to increase bone formation in both calvaria and long bones (32) . COX-2 was demonstrated to have an important role in bone formation in both of these models, suggesting that it has general importance for reparative events in bone.
Prior work has demonstrated that prostaglandins such as PGE 2 induce bone nodules to form in bone marrow stromal cell cultures (6, 42) and in cultured rat calvaria osteoblasts (43) (44) (45) (46) . Furthermore, systemic or local injection of PGE 2 stimulates bone formation in vivo and appears to induce osteoblastogenesis from bone marrow precursors (7, 47) . Ex vivo cultures of bone marrow stromal cells from rats injected with PGE 2 for 2 weeks yield four times more mineralized bone nodules compared with cultures from vehicleinjected rats (47 Schematic model representing the potential mechanism of COX-2 regulation of mesenchymal cell differentiation in bone repair. In the proposed model, COX-2 is induced in the early phase of the bone reparative process and produces increased amounts of PGE 2 in the local milieu. PGE 2 may induce BMPs and/or cooperate with BMPs to increase cbfa1 and osterix, two essential transcription factors required for both endochondral and intramembranous bone formation.
the critical isoform involved in this process. Altogether, the studies suggest that prostaglandins play a role in osteoblast recruitment and differentiation.
The finding that the COX-2 metabolite PGE 2 can reverse the decrease in osteoblastogenesis observed in COX-2 -/-marrow cell culture is not surprising given the effect of PGE 2 on bone formation both in vitro and in vivo (6, 7, 42, 47, 48) . However, the finding that BMP-2 complements the deficiency in COX-2 and enhances bone nodule formation to a degree similar to that observed in wild-type cultures is particularly interesting and suggest that BMP signaling events may be downstream of COX-2 activity and PGE 2 effects. Furthermore, since induction of osteoblastogenesis by BMP-2, including bone nodule formation and cbfa-1 and osterix expression, was further enhanced by PGE 2 , it appears that BMPs and PGE 2 may also have independent and complementary effects. The latter observations are consistent with prior data demonstrating that PGE 2 enhances BMP-2-mediated osteoblast differentiation in human periodontal ligament cells (49) .
Based on these findings, we propose a mechanism of action for COX-2 in bone repair ( Figure 10 ). Under basal conditions, COX-2 activity maintains a population of mesenchymal stem cells in a pre-osteoblast state responsive to additional osteoblastic signals. During injury, elevated COX-2 expression increases the osteoblastic potential of mesenchymal stem cells and supports their differentiation to osteoblasts in response to osteogenic signals. COX-2 may exert its effect through regulation of the transcription factors cbfa1 and osterix. Since cbfa-1 is upstream of osterix, the COX-2-dependent regulation is likely at this earlier stage of differentiation, although the findings do not rule out a direct effect of cyclooxygenase metabolites on osterix expression. Similarly, our findings showing BMP-2 complementation of COX-2 in vitro support the possibility that BMP signaling events could be downstream of cyclooxygenase metabolites, consistent with the recent demonstration of BMP-7 induction by PGE 2 in the osteoblast cell line U2-OS (50) . However, the additive effects of PGE 2 and BMP-2 on osteoblastogenesis in our experiments also provide evidence for an independent role of these factors. This model postulates a unique mechanism of COX-2 in bone repair that is significantly different from that in fetal skeletal development. This mechanism may be particularly important in injury or during inflammation where large amounts of PGE 2 are produced by COX-2, as opposed to normal skeletogenesis where the role of COX-2 is limited.
In summary, we demonstrate that reparative bone formation is deficient in COX-2 -/-mice and demonstrate a primary defect in osteoblastogenesis. The effect is associated with a decreased expression of two genes essential for osteoblastogenesis, cbfa1 and osterix. Both intramembranous and endochondral bone formation are affected by the absence of COX-2. We further demonstrate that this defect is associated with abnormal mesenchymal cell recruitment and differentiation into osteoblasts. Our study raises concerns regarding the use of COX-2 inhibitors in patients who suffer from bone fractures or who are undergoing other types of bone repair.
